Abstract -This paper presents a two-step method for dimensioning and time-sequential operation of Wind-hydrogen (H 2 ) plants operating in power markets.
The paper is organized as follows: Chapter 2 presents the model and derives the relations between the components in terms of power and energy flow. Chapter 3 presents the case study and the following results are presented in Chapter 4. Conclusions are drawn in Chapter 5, followed by references and an appendix with more details on the economical data for the components.
Nomencl ature

Nm 3
Normal cubic metre (1 atm, 0°C) LHV H 2 Lower Heating Value (3.0 kWh/Nm ) 3 (t) H 2 not supplied (Nm /h) 3 
AC
Annual Cost
P w (t)
Absolute wind power generation (kW) P ew (t) ELYC power from wind turbine (kW) P ei (t) ELYC power imported from grid (kW) P e (t) Total ELYC power (kW) P f (t) FC power (kW) P d (t) Dumped wind power (kW) P exp (t) Power export (kW) P g (t) Power exchange (export/import) (kW) P g max (t) Maximum power export capacity (kW) P g min (t) Maximum power import capacity (kW) ml (t) Marginal power losses in the electric grid (%) Fig. 1 To avoid binary operational variabels for the stricted to operate between the minimum and maximum limits at all times. T cted to be small. It is uncertain what the effect will be on mo lyser technology due to rapid start ups and shut downs. Degradation of the cells leadi g to higher maintenance costs have been observed for older technology, but these units were not constructed f r intermittent operation. Electrolysers suitable for intermittent power input are still in the early stage of develop ent and it is unknown how the effects will be. 
Plant model
)
Due to an added grid tariff on p er import, the electrolyser power for time step t is divided into power directly from wind P ew (t), and power i port P ei (t)
where P w (t) is the wind power generat n at time The FC power output P f (t) is expressed as
where H f (t) is the H 2 consumption and f is the FC d on H 2 LHV. P f (t) is limited by the upper and lower bounds η system efficiency base
Wind power generation at time ste re p t is exp ssed as
where P w (t) is the absolute wind power generation, nP w (t) is a normalized time series for wind power and P w max is the optimal installed wind power ca The power balance at the point of mmon connection (PCC in Fig. 1 ) is expressed as
where P g (t) is the net power exchange ith the grid and P (t) is dumped wind power due to grid constraints. Due to different tariffs on power i ort and e rt is expressed as
which will always be ≥ 0, due to eq ation (13) and the fact that power dumping will never occur unless the maximum export level is reached. The restrictions on power exchang with the g u e rid can be expressed as
where P g and P g are the grid export limits cal distribution grid. P g min represents maximum import capacity and is ther negative. ζ 1 and ζ 2 will depend on the grid layout and is therefore not generalized here. Equati 19) and (20) are derived in the case study. P g (t) is thus limited by the upper and lower bounds and P l (t) is the electric load in the lo efore ons (
The marginal power losses in the local distrib egative, dependent on the level of power export and the current l ad situatio ution grid can be either positive or n n. The marginal losses are expressed as o
where P l est (t) is a timeseries of estim ed electric load based on a timeseries of actual load P l (t). The marginal losses are also dependent on the grid ayout and are not generalized here. Equation (22) will be derived in the case study.
Optimization formulation
The objective function seeks to fi the optim ination of component sizes, and their respective timesequential operation, that maximizes t e total revenue of the combined Wind-H 2 plant
where; x 1 and c 1 represent the component installed capacity variables and their corresponding specific annual cost (AC) parameters respectively. x 2 and c 2 represent the relevant time step variables and their corresponding cost/income parameters respectively. In addition, the 5x5 matrix Q, consisting of only zeros except for element (5,1) and (1,5), enables the calculation of the quadratic terms of the objective function. These are the marginal power losses multiplied with the power export and the electricity spot price e spot (t). The model has purely linear constraints.
(24)
max max max max 1 
where e tar is the power import tariff, e is the H sales price and e is the cost of imported H 2 . The model is implemented in e barrier algorithm (interior point).
arket deducted the total AC.
.5 H 2 production cost The production cost of H 2 will be the difference in NI between the optimal wind power plant and the optimal Wind-H 2 system, divided by the annual H 2 production, with the H 2 sales price (e H ) set to zero. The production cost reflects the break-even sales price.
H 2 self supply
The level of self supply of H 2 is understood as the fraction of the annual H 2 demand served onsite by the Wind-H 2 plant. A self supply of e.g. 90% equals fixing H ns max to 0.1 in equation (9).
CASE STUDY
The case study comprises a wind power plant to be situated on a Norwegian island at the end of a 40 km long radial 22 kV distribution grid. The plant is combined with an onsite H 2 load represented by a commuting ferry. Two distinct power markets are represented by the Nordpool market in Norway (NO) and the European Energy Exchange in Germany (DE), both for the year 2006. The DE spot prices are highly variable on a daily basis, compared to NO prices. The DE spot prices are included because it is expected that future increased transmission capacity between Norway and Northern Europe will lead to a harmonization of NO spot prices to continental prices.
Input data
Hourly wind speed data have been collected for a nearby location from the National Meteorological Institute 3 . The wind speeds have been interpolated with a wind turbine power curve o tained from a manufacturers website 4 , and normalized. The average annual capacity factor is 0.4. Fig. 3 displays the monthly avera other H 2 vehicles for comparison. m the regional electricity utility. Maximum, minimum h espectively. Fig. 3 displays the normalized annual load needed for marginal loss calculations, is divided into weekdays (hours The base case annual H 2 demand is 2.5·10 Nm /yr. This corresponds to 1.36 MW of average ELYC power with the ELYC efficiency figure given in Table 1 . The periodic H 2 demand pattern is displayed in Fig. 2 together with estimated demand patterns of H ourly values for electric load have been obtained fro and annual load is 2.30 MW 0.64 MW and 13.64 GW r , series. The timeseries of estimated load, 7-2 w ts urs -6) d eekends (equal to weeknights), for every week. The procedure is similar to the one used by the Norwegian system operator Statnett, in their calculation of marginal power losses in the transmission grid. er import tariff (e tar ) is fixed at 0.025 €/kWh. Fig. 4 lays the grid model. The Win H connected to bus 7, which is the point of common able power apacities of all lines. For simplicity, the W d-2 plant wer factor equal to 1.0. The reactive power generation from the capacitor bank at bus or maximum export capacity and 0.8 MVAr (installed capacity) for maximum import capacity. The marginal grid losses are appr imat Table 2 displays the results with conservative technical limit gi wind power only. The optimal installed capacities are higher than a dumping and grid losses.
Electric grid model
Wind power only
SPOT MARKET NO DE
ven by the capacity at minimum load (about 3 MW, ref Fig. 5 ). The seasonal correlation between wind power and load (Fig. 3) leads to insignificant levels of power dumping. Lower installed cost would lead to higher installed capacity and higher income, but also higher Table 2 : Optimal wind power capacity with wind power only.
Wind power and H 2 load
The base case H 2 demand is included and the Wind-H 2 system is set to be 100% self supplied with H 2 . Compared to Table 2, the optimal installed wind power capacity has increased by 1.8 and 1.9 MW for NO and DE respectively. All H 2 plant components are larger for DE. The reason for this is the high variations in daily spot prices, which makes it beneficial to install more wind power for export at high prices and more ELYC ow more than 1.5 days (NO) and 2.1 days (DE) of average demand, which points out the ro ined with the high efficiency of fuel cells for mobile applications this indicates that H 2 NO the ELYC operates almost all hours of the year. In DE the ELYC eration in almost 1000 hours. Due to periodic high spot market prices in DE it would be p er for H 2 production at low prices, which also results in more H 2 storage. The optimal storage capacity is nevertheless not mp i ortance of having the grid as backup. Another important result is the cost fraction of electricity on the H 2 p duction cost, which is in the order of 73-79%. The H 2 production cost equals about 1.0 €/litre of gasoline energy equivalent. Comb produced from wind power could be competitive with fossil fuels. Fig. 6 shows the annual power duration curves for the wind power plant and the ELYC. ELYC capacity factor is 0.73 for DE and 0.89 for NO. In would be out of op beneficial to export relatively large amounts of electricity rather than use it for H 2 production. This is indicated by the area between P w (t), P e (t) and P ew (t). Fig. 7 displays hourly results for DE in the week with the highest wind power generation. During week 50 no e ELYC power consumption is lowered when spot prices are high, even though the wind power is imported. Th power generation is above the maximum ELYC capacity. The minimum storage level decreases from Monday to Friday. During the weekend the storage level steadily increases due to zero filling. The same general trend in storage level is observed in a study regarding H 2 bus filling in London [11] . The characteristic zigzag shape is also observed for the week with the lowest wind power, and the same is true for NO spot prices.
Increasing the minimum operational limit of the ELYC (nP e min ) to 20% shows small or negligible change in component size and H 2 production cost for both NO and DE. The increase in production cost is a result of keeping the ELYC online at high spot market prices.
H 2 production cost as function of self supply
In this analysis the required level fo of the model. Results are displayed in Fig. 8 . For dec f smaller components, less ue to wer power import. The decrease for DE is due to a combination of lower power import and decreased component sizes. r self supply of H 2 is varied for successive runs reasing levels of self supply the optimal system consists o H 2 production in hours with high spot market prices, or a combination of the two. The results indicate that if H 2 import is possible it could be beneficial to rely on e.g. 10-20% import. The decrease in cost for NO is d lo High spot prices is the main factor resulting in hours with zero H 2 production. The reason for this is that it would be more economical to sell the electricity on the spot market rather than use it for H 2 production. It will however be very important to have good prediction tools for future wind power generation and spot market prices in order to be able to plan ahead for H 2 import.
H 2 production cost as function of annual demand
The annual H 2 demand was varied between 12.5% and 400% of the base case in successive runs of the model. Fig. 9 displays the results. The H 2 production cost increases with H 2 load due to higher reliance on power import (relative fraction of available wind power is lower) and eventually oversized components, high grid losses and power dumping. 
H 2 production cost without wind power
This analysis is conducted with the wind power plant omitted. Because all the electricity is now imported, the power imp 100% self supply is 27% and 33% higher for NO and DE respectively. A reduction in the electricity tariff would actually reduce the benefit of combining wind and H . ort tariff will form a major part of the H 2 production cost. Total H 2 production cost with s been found that including a H system to a wind power plant could significantly optimal power exchange with the grid. When spot market prices are high the plant could xport all the wind power to the grid. When spot market prices are low, the electrolyser could be run at full capacity, resulting in less win to unfavourable et pric is concluded that H 2 produced from wind power could be 2 is ever n st-effective as electric energy storage for wind power plant Further work is dedicated rpor stems e the wind power plant and the H 2 plant are connected to dif n m mple between the units. Such a model could determine the e H t, tak e location of H 2 demand and distribution costs into accou co the tic nature of wind and wind forecasting errors, in order to s e th nce costs of wind power. A solution with a FC was only given for H 2 co 0-700 k ic and literature. The results power plants operating in a power market.
ES
More optimistic results were obtained by fixing the FC efficiency at 90%, which could represent a high efficiency CHP unit. However, challenges might arise in rapid on-off operation of a CHP unit, and other options of serving heat demand from surplus (low priced) wind power should be assessed, e.g. electric boilers. 
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